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ABSTRACT 


This first quarterly report on a contract to develop an optimal inte- 
grated residential photovoltaic array describes sixteen conceptual 
designs produced by eight teams. Each design concept was evaluated by an 
industry advisory panel using a comprehensive set of technical, economic 
and institutional criteria. Key electrical and mechanical concerns that 
affect further array sub-system development are also discussed. 

Three integrated array design concepts were selected by the advisory 
panel for further optimization and development. From these concepts a 
single one will be selected for detailed analysis and prototype fabrication. 
The three concepts selected are the following: 

1) An array of framele.*?s pane Is /modules sealed in a "T" shaped 
zipperlocking neoprene gasket grid pressure fitted into an 
extruded aluminum channel grid fastened across the rafters. 

2) An array of frameless modules pressure fitted in a series of 
zipperlocking EPDM rubber extrusions adhesively bonded to 
the roof. Series string voltage is developed using a set of 
integral tongue connectors and positioning blocks. 

3) An array of frameless modules sealed by a silicone adhesive 

in a prefabricated grid of rigid tape and sheet metal attached 
to the roof. 



TABLE OF CONTENTS 


SECTION PAGE 

1 Summary 1-1 

2 Introduction 2-1 

3 Technical Discussion 3-1 

3.1 Evaluation Criteria 

3.2 Description of Concepts Considered 

3.3 Concept Evaluation 

3.4 Concept Selection 

4 Conclusions and Rt ^>iT)endations 4-1 


LIST OF TABLES 

TABLE NUMBER PAGE 

Table 1. Tabular Summary of Integrated Residential 

PV Array Design Concepts 3-10 


LIST OF FIGURES 

FIGURE NUMBER PAGE 

2-1 Design Team, Workshop Lectures, Advisory 

Panel 2-3 

2- 2 Project Activity Diagram 2-4 

3- 1 Design Concept 1 Electrical Characteristics . . . 3-12 

3-2 Design Concept 1 Mechanical Characteristics . . . 3-13 

3-3 Design Concept 2 Electric?! Characteristics . . . 3-1^" 

3-4 Design Concept 2 Mechanical Characteristics . . . 3-15 

3-5 Design Concept 3 Electrical Characteristics . . . 3-16 

3-6 Design Concept 3 Mechanical Characteristics . . . 3-17 

3-7 Design Concept 4 Elect»’ical Characteristics . . . 3-18 

3-3 Design Concept 4 Mechanical Characteristics . . . 3-19 

3-9 Design Concept 5 Electrical Characteristics . . . 3-20 

j-10 Design Concept 5 Mechanical Characteristics . . . 3-21 

3-11 Design Concept 6 Electrical Char (Cteri sties . . . 3-22 

3-12 Design Concept 6 Mechanical Characteristics . . . 3-23 

3-13 Design Concept 7 Electrical Characteristics . . . 3-24 

3-14 Design Concept 7 Mechanical Characteristics . . . 3-25 

3-15 Design Concept 8 Electrical Characteristics . . . 3-26 

3-16 Design Concept 8 Electrical Characteristics . . , 3-27 


IV 



LIST OF FIGURES (CONT'D) 


FIGURE NUMBER 








PAGE 

3-17 

Design 

Concept 

9 

■lectrical 

Characteristics . 



3-28 

3-18 

Design 

Concept 

9 Mechanical 

Characteristics . 



3-29 

3-19 

Design 

Concept 

10 

Electrical 

Characteristics . 



3-30 

3-20 

Design 

Concept 

10 

Mechanical 

Characte»*i sties . 



3-31 

3-21 

Design 

Concept 

11 

Electrical 

Characteristics . 



3-32 

3-22 

Des i gn 

Concept 

11 

Mechanical 

Characteristics . 



3-33 

3-23 

Design 

Concept 

12 

Electrical 

Characteristics . 



3-34 

3-24 

Design 

Concept 

12 

Mechanical 

Characteristics . 



3-35 

3-25 

Des i gn 

Concept 

13 

Electri cal 

Characteristics . 



3-36 

3-26 

Design 

Concept 

13 Mechanical 

Characteristics . 



3-37 

3-27 

Des i gn 

Concept 

14 

Electrical 

Characteristics . 



3-38 

3-28 

Design 

Concept 

14 Mechanical 

Characteristics . 



3-39 

3-29 

Design 

Concept 

15 

Electrical 

Characteristics . 



3-40 

3-30 

Design 

Concept 

15 

Mechanical 

Characteristics . 



3-41 

3-31 

Design 

Concept 

16 

Electrical 

Characteristics , 



3-42 

3-32 

Design 

Concept 

16 

Mechanical 

Characteristics . 



3-43 


V 



SECTION 1 


SUMMARY 

This report discusses the first of three tasks to define an integrated 
residential photovoltaic array. An optimum array configuration will satisfy 
the needs of the earliest and largest market and provide electricity for the 
least life cycle cost. This study emphasizes a systems approach to design 
optimization that considers detailed electrical, mechanical, economic and 
institutional factors. Further emphasis is the minimization of cost drivers 
for these factors at several levels of annual production. 

The study began with the competitive selection of 8 teams to produce a 
set of design concepts. A workshop was conducted to review the current 
technology base for residential photovoltaic systems. Workshop materials 
referenced the following module/array topics: circuit design and perfor- 

mance; wiring; mounting; installation, reliability and maintenance; codes 
and standards; roof construction; and life cycle cost. These materials 
were drawn from previous system definition and array requirements and 12 
prototype designs for which detailed array and system analyses have been 
performed. 

The teams develop d a total of 16 design concepts over a nine-week 
period. Each concept was evaluated by an industry advisory panel convened 
by the AIA/RC on the basis of the following criteria categories: market 
penetration; fabrication requirements; design and specification requirements ; 
installation requirements ; operation requirements; and maintenance require- 
ments. Three design concepts selected for further development by the 
advisory panel follow: 

1) an array of frameless modules sealed in a zipperlocking neoprene 
gasket grid in a grid of aluminum channels fastened across the 
rafters ; 

2) an array of frameless modules sealed in a zipperlocking EPDM 
extrusion adhesively bonded to the roof; and, 

3) an array of frameless modules sealed by a silicune adhesive in 
a prefabricated grid of rigid tape and sheet metal attached to 
the roof. 
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This report summarizes the assumptions, rationale and methodology used 
in the selection of the design concepts. Further concerns to be addressed in 
subsequent study activities are also discussed. 
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SECTION 2 


INTRODUCTION 

The objective of this study is to develop optimal roof mounted arrays 
for residences that provide energy for the least life cycle cost. Develop- 
ment of an optimal array will follow an integrated systems approach that 
considers detailed electrical, mechanical and environmental requirements, 
as well as such regional variations as codes, construction practices and 
local costs. The resulting array design will be fabricated in a prototype 
partial roof/array model to identify additional roof array interface 
concerns in production, manufacturing, installation or maintenance . Pro- 
gram activity is organized into the th^ee tasks listed below. 

Task 1 - Alternative Design Concept Development 

Task 2 - Preferred Design Concept Optimization 

Task 3 - Prototype Roof/Array Section Fabrication 

In Task 1 three (3) generic integrated photovoltaic ar; ay design 
concepts are selected from a number of alternative concepts for residential 
applications. This effort began with a solicitation to over 200 architects, 
engineers, homebuilders and designers that asked for a statement of their 
caoability to develop design concepts tc satisfy technical, economic and 
institutional concerns. An industry advisory panel was convened by the 
AIA/RC to select the most capable .earns to devt.op a set of design 
alternatives. 

A workshop held at the AIA/RC for the design teams was used to esta- 
blish a uniform starting point for the nine week concept design period. 

The workshop was organized into three sessions. First an overview of 
program activities and research results was presented. Next, project 
activities and concept documentation requirements were reviewed. Then a 
series of technical presentations were given for the following topics: 
system design; module design; wiring and connector design; safety stan- 
dards; and residential roof construction. 

At the end of the concept design period, a presentation was given oy 
each of the eight design teams tc the advisory panel. The following 
characteristics were reviewed in the presentation for each of the 16 con- 
cepts developed: appropriateness for earliest and largest market 
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penetration; fabrication requi retnents ; designed array output, modularity 
and specification; array circuit design, wiring and module connection; 
panel/module attachment; installation requirements; operation and 
maintenance requi retnents ; and, costs. Three concepts were selected by the 
advisory panel for further development, prior to selection of a preferred 
design for Task 2. 

Design teams, workshop participants, and advisory panel members are 
identified in Figure (2-1). 

Based on the results of Task 1, one design concept will be selected 
for further analysis and development under Task 2. Detailed production 
design development and engineering trade-off studies will be performed 
to furthe*" optimize the design for minimum life-cycle cost for the 
installed array. Based on this detailed information, refined life-cycle 
cost estimates will be generated for annual module production levels of 
10000, 50000, and 500000 m^. A set of drawings and specifications will be 
prepared to permit fabrication, installation and operation of the array 
design by a third party. In addition, a full-scale prototype section/array 
roof will be defined and a fabrication cost estimate prepared. 

The Task 3 activity will include the fabrication on a full-scale 
representative prototype section of the selected residential photovo'’ta :c 
array complete with electrical and mechanical interconnertors and array/ 
roof interface hardware. While this prototype section r.eed not be 
electrically operational, it will serve as a useful model to identify 
additional fabrication, installation, maintenance and other concerns. 

A block diagram of program activities is shown in figure (2-2). As of 
this reporting date, all effort has been completed under Task 1 with the 
exception of further development of the three selected concents . This 
report describes the results of the activities comoleted. 
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SECTION 3 


TECHNICAL DISCUSSION 

This discussion sunmarizes key elements of the criteria, methodology 
and rationale for selection of three design concepts from those considered. 
The first section is a discussion of the assumptions and evaluation 
criteria used in concept selection. The next section is a description of 
each design considered. Subsequently, evaluation methodology is described 
and major concerns for each concept are identified. Then, the rationale 
and justification for selection of three concepts is presented. 

I he classification of mounting types in this study is based on a 
performance approach. This approach distinguishes between mounting types 
based on the method used to satisfy two roof functions; weather protection 
and structural stability. This classification does not consider height 
differences between array surface and roof, or material replacement. 

Integral -mounted arrays provide Doth permanent and temporary weather 
protection. Replacement support for lateral roof loads is required. 

Modular array-edge support is required. 

Direct-mounted arrays provide only permanent weather protection. 
Replacement 'upport f».'r lateral roof loads is not required. Modular array- 
edge support may not be required. 

Standoff/Rack-mounted arrays do not provide weather protection. 
Replacement support for lateral roof loads is not required. Modular array- 
edge support is required. 
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EVALUATION CRITERIA 


The spectrum of technical, economic and institutional issues that affect 
the fabrication, installation and operation of a residential photovoltaic 
array have been grouped into six categories of evaluation c»*iteria. Evalua- 
tion objectives are the minimization of cost drivers associated with each 
category. A partial listing of criteria follows the list of categories 
below. 

§ Market Penetration 

• Fabrication 

e Design and Specification 

• Installation 

• Operation 

e Maintenance 

MARKET PENETRATION 

The focus of this category is minimization of cost drivers for earliest 
and largest market penetration. The characteristics of che maturing market as 
well as the mature market are expected to establish a basis for the inter- 
relationsh'p of fabrication, installation, residential construction, 
operations and maintenance. 

• The concept must satisfy the largest middle-income mass market. 

• The concept must serve a variety of housing sizes, types, and 
roof shapes. 

t The concept must allow flexibility of selection by both large 
and small volume builders. 

• The concept must allow flexibility in installation timing. 

• The concept must fit within the typical product delivery and 
service chain of the homebuilding industry. 

Fabrication 

The focus of this category is an optimization of pe.sonnel, material 
and equipment requirements from component delivery through shipment of the 
assanbly. That optimization should consider both number and type of person- 
nel, material and equipment throughout the assembly sequence. 

• The concept must optimize the mixture of factory and field labor 
for array assembly. 
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• The concept must minimize the requirements for component inven- 
tory. 

t The concept must minimize the cost for shipping and handling yet 
retain acceptable durability. 

Design and Specification 

The focus of this category is minimization of project-specific design 
engineering. Elements considered include the ability to use equivalent 
products, as well as the standardization of code approval, labor coordina- 
tion, and engineering documentation. 

• The concept must use the design engineering caoability normally 
employed by the builder or contractor. 

• The concept must minimize field inspection and approval require- 
ments of local building and zoning codes, the National Electrical 
Code (NEC), fire codes and insurance warrants. 

t The concept must allow use of equivalent materials and products 
in standard construction practice. 

• The concept must allow flexibility in labor and schedule 
coordination that meets standard practice conditions. 

• The concept's documentation must follow standard practice for 
reliability, performance and cost estimates. 

Installation 

The focus of this category is minimization of installation time and cost. 
Key concerns include array durability during site delivery and storage, 
sequence of installation, required tools, equipment, labor and supervision. 

An additional concern is minimization of field requirements for field 
qualification and acceptance of the installed array. 

t The concept must have little impact on the normal structural 
and environmental exposure of the building. 

• The concept must be compatible with standard construction 
practices, tools and equipment. 

• The concept must minimize field approval of electrical 
connections, field cabling and grounding. 

• The concept must minimize safety risk during installation. 

• The concept must optimize handling and installation durability. 
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• The concept must optimize mechanical attachment and electrical 
connection requirements. 

Operati on 

The focus of this category is the optimization of reliable output 
performance to match the requirements for system interface consistent with 
standard safety conditions. 

• The concept array must generate electricity within an acceptable 
output range for size and temperature conditions. 

• The concept array output must satisfy balance of system inter- 
face requirements such as input voltage. 

• The concept must minimize grounding concerns and requirements. 

• The concept must address appropriate power and dimensional 
modularity concerns. 

• The concept must satisfy lifetime reliability and durability 
conditions at an acceptable cost. 

Maintenance 

The focus of this category is the optimization of field maintenance, 
repair and replacement consistent with least initial costs. 

• The concept must minimize the requirements for identification, 
removal and replacement of failed parts consistent with reliability 
and durability conditions. 

• The concept must not interfere with normal building maintenance 
and repair. 

• The concept must minimize added life safety and building risks. 
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3.2 DESCRIPTION OF CONCEPTS CONSIDERED 


Design concepts were developed by eight design teams for each of four mounting 
strategies. In certain cases, the concepts were appropriate for more than one 
mounting type. The following discussion sunmarizes key elements of concepts 
developed for each of the mounting strategies. A tabular summary of system 
descriptions is listed in Table ( 1 ). Condensed drawings of each concept 
follow and appear as Figures 3-21 through 3-33. 

Integral Mounting Concepts 

Sample 1 . Eighteen (18) unframed panels/modules are pressure fitted in a "T" 
shaped neoprene gasket grid and sealed by a ziplocking strip. The 
gasket grid is pressure fitted into an aluminum channel extrusion 
grid fastened across the rafters. Array voltage is developed 
along the roof height using a series string of two (2) panels/ 
modules. Array current is developed along the roof length using 
nine (9) panel/module pairs attached to busbars at the top and 
bottom of the array. Array termination is near the gutter along 
the roof rake. 

Sample 2 . Ten (10) panel frames each made from two extruded aluminum carriage 
pieces joined by lateral angles are bolted along the rafters. Each 
of the nine (9) modules pressure fitted in a panel overlaps the 
lower one and is held in place by a lap bar. The modules are 
wired in series by commercially available 'quick connectors' with 
return branch conductors attached to the rafters. Array voltage 
is developed along the roof height from two (2) adjacent panels 
wired in series through a junction box for each panel pair. Array 
current is developed along the roof length from the five (5) panel- 
pair junction boxes wired in parallel within the attic near the 
ridge using redundant armored bus cable conductors. 

Samp l e 3 . Eighty (80) frameless modules are sealed using a silicone adhesive 
to a prefabricated grid of rigid tape and metal channels bolted 
across rafters. Array voltage is developed along the roof length 
using a series string of 20 modules. Array current is developed 
along the roof height using 4 parallel-wired module rows. 
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Integral Mounting Concepts (Cont'd) 

Sample 4 . Forty (40) gasketed modules are sealed in a set of prewired mounting 
channels nailed along the length of the rafters. Array voltage is 
developed along the length of the roof using a series string of 20 
modules. Array current is developed along the height of the roof 
using two (2) parallel-wired module rows. 

Sample 5 . Twenty- four (24) unframed modules are pressure fitted between a 

series of extruded alimtinum batten strips and plywood support strips 
mounted along the rafters. Waterproof seal is provided by butyl 
glazing tape at the top and sides of the modules. Array voltage 
is developed along the roof length using three (3) modules wired in 
series. Array current is developed along the roof height from 
eight (8) branch circuits installed in three (3) rows. The bottom 
row contains two (2) branch circuits while each of the two upper 
rows contain three (3) branch circuits. Array termination occurs 
in the power conditioning eqiupment room beneath the array. 

Direct Mounting Concepts 

Sample 6 . Fifty-six (56) unframed modules are pressure fitted in a grid of 
thermoplastic "T" and "I" shaped glazing gaskets fastened to the 
roof. The "I” shaped sections have been coextruded with embedded 
busbars for parallel module wiring. Each module rests on a ribbed 
plastic backing sheet. Array voltage is developed along the roof 
length fn»n a seven (7) module series string wired through junction 
boxes located in the attic. Array current is developed along the 
roof height from eight (8) modules wired in parallel through the 
integral busbars within the thermoplastic grid. Array termination 
occurs through the ridge vent in the attic. 

Sample 7 . Eighty (80) frameless modules are sealed by a silicone adhesive 
in a prefabricated grid of rigid tape and sheet metal attached to 
the roof. Array voltage is developed along the roof length using 
a series string of twenty (20) modules. Array current is developed 
along the roof height using four (4) parallel-wired rows. 
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Direct Mounting Concepts (Cont'd ) 

Sample 8 . Forty (40) gasketed modules are sealed in a set of prewired mounting 
channels mechanically fastened to the roof. Array voltage is 
developed along the length of the roof using a series string of 20 
modules. Array current is developed along the height of the roof 
using two (2) parallel-wired module rows. 

Standoff Mounting Concepts 

Sample 9 . Forty (40) unframed modules are pressure fitted in a series of 

zipperlocking EPOM rubber extrusions adhesively bonded to the roof. 
Array voltage is developed along the roof height using six (6) 
series-wired modules interconnected by integral tongue connectors 
and positioning blocks. Array current is developed along the roof 
length using five (5) branch circuits. Array termination occurs 
near the gutter. 

Sample 10 . Eighteen (18) framed and sealed panel /modules are fastened to 30 
unequal leg "T" shaped brackets bolted to the rafters. The 
longest leg of each bracket is overlapped by an existing shingle. 
Array voltage is developed along the roof height using a series 
string of two (2) panels/modules. Array current is developed 
along the roof length using nine (9) panel/module pairs attached 
to busbars at the top and bottom of the array. Array termination 
is near the gutter along the roof rake. 

Sample 1 1 . Twelve (12) aluminum framed panels with laterally supporting "T" 
struts are clamped to a standing seam insulated metal roof deck 
mounted on the rafters. Each of the ten (10) gasketed modules 
pressure fitted in a panel frame are wired in series by commer- 
cially available "quick-connectors" beneath the modules. The 
return branch conductor is placed along the standing seam within 
the conduit formed by the panel frame and a continuous finish cap. 
Branch wiring is routed beneath the ridge flashing into the attic 
space below. Array voltage is developed along the roof height 
from two (2) panels wired in series through a junction box for 
each panel pair. Array current is developed along the roof length 
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standoff Mounting Concepts (Cont'd) 


Sample 11 . 
(Cont'd)' 


from the six (6) panel-pair junction boxes parallel -wired within 
the attic near the ridge using redundant armored bus cable conduc- 
tors. 


Sampl e 12. Forty-two (42) unframed modules are pressure fitted In a series of 
zipperlockinc EPDM rubber extrusions adhesively bonded to the 
roof of a manufactured house. Array voltage Is developed along 
the roof height using six (6) series-wired modules Interconnected 
by integral tongue connectors and positioning blocks. Array 
current Is developed along the roof length using seven (7) branch 
circuits. Array termination occurs near the gutter. 

Sample 13 . Twenty- four (24) framed panels/modules are pressure fitted In five 
(5) "T” shaped tracks along the length of the roof. Each track Is 
lag- bolted to the rafters through a neoprene gasket strip. Array 
voltage is developed along the roof length using a series string 
of six (6) pin connected panels/modules. An Integral wiring 
harness within each track tentinates at a junction box on the 
high voltage side of the series string. Array current is developed 
along the roof height from four (4) track junction boxes connected 
by flexible conduit. Array termination near the gutter is made at 
a seal fitted roof penetration. 


Sample 14 . Eighty (80) gasketed modules are pressure fitted between a series 
of PVC hold down caps and extruded aluminum channels fastened to 
the roof. Array voltage is developed along the roof height from 
eight (8) series-wired modules mounted as two adjacent colunms, 
each of four modules. Array current is developed along the roof 
length from ten (10) series strings that each terminate in standard 
junction boxes beneath the roof. 


Sample 15 . Eighty (80) gasketed modules are mounted over a series of contin- 
uous metal pans and pressure fitted in steel battens fastened to 
the roof. Array voltage is developed along the roof height from 
eight (8) series wired modules mounted as two adjacent columns, 
each of four modules. Array current is developed along the roof 
length from ten (10) series strings that each terminate in stan- 
dard junction boxes beneath the roof. 
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Rack Mounted Concepts 


Sample 16 . Eighty (80) gasketed modules are pressure fitted in a series of 
PVC hold down caps and extruded aluminum channels bolted to a 
slotted steel rack. Array voltage is developed along the rack 
height from eight (8) series wired modules mounted as two 
adjacent columns, each of four modules. Array current is 
developed along the rack length from ten (10) series strings 
that each terminate in standard junction boxes. 
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TABLE 1 


TABULAR SUMMARY OF INTEGRATED RESIDENTIAL PV ARRAY DESIGN CONCEPTS 


MOUNTING TYPE 

DESCRIPTION 

SAMPLE 
N = 16 

OUTPUT 

Wp 

AR|A 

M 

TOTAL 

$/Wp 

[lAXDWARE 

$/Wp 

WIRING 

$/Wp 

CniEDITS 

$/Wp 

Integral 

(IH) ijiif f riiM'd p.itic) s/aodules are pre&sura 
filled in a "T" sliciced iiijufiiene gasket grid and sealed 
by .« /: i i>l I .r.k i ng sliip. Tbe gasket grid is pressure 
1 1 1 1 e<i ifitu an aliuMiniui eliannel cxt.usion grid that 
is screwe.l iliie<.tly to tlie rafters. 

1 

4455 

41.43 

1.31 

0.50 

0.03 

0.13 


Ten (H}> frr«»te<J paneK each »adc fr<Mi t«#o axtruded 
alu*niiiua l airift'ja piect'S joined by lateral an 9 lea are 
Uilted tu the rafters. i:ach of tha nlna (9) Modules 
prt::.sure fitted in a panel overlaps tha loMsr or>a and 
is held ill place by a lap bar. 

2 

9760 

76.2 

1.41 

0.70 

0.13 

0.30 


Eighty (ttO) fraMHfless Modules are ssaled using a 
silicone «tilhosive to a pr ef abr i cated grid of rigid tapa 
and slieot vu:tal iKilted to the raftara. 

3 

9990 

78.1 

1.07 

0.23 

0.04 

0.11 


Eoity (40) (jaskuted Modules are sealed in a sat of 
prnwirnd OMiunting channels nailed alorrg tha length of 
t he rafters. 

4 

9990 

78.1 

1.11 

0.27 

0.04 

0.11 


Twenty four (24) unfraMCcJ sK>du)cs are pressure fitted 
between a t>eries of extruded aluMlnuM batterr strips and 
plywood siip(Mjct strips Mounted directly to the rafters. 
Waterproof seal is provided by butyl glazing tapa at 
the tup and sides of the Modules. 

5 

4200 

50.5 

1.19 

0.40 

0.06 

0.17 

Direct 

fifty six (Sb) unfraj»ed Modules are pressure fitted in 
a grid of tirerinoplastic **T* sr)d **!** shaped glazing 
gaskets that arc screwed to the roof sheathing. The 
*1** sha|>ed sections have been coextruded with ewbedded 
busbars for Moilule parallel wiring. Each swidule rests 
on a ribb«‘d plastic bat:king sfieet. 

6 

9250 

83.3 

1,10 

0.20 

0.05 

0.06 


Eighty (80) fr^u»eleli■ aodulas ar« Malad by a alllcona 
adhealve In a prefabricated grid of rigid tapa and ahaet 
■ctal attached to tha roof. 

7 

9990 

78.1 

1.13 

0.23 

0.04 

0.05 


Forty (40) gasketed SKidulea are aealad In a aat of 
prewired oounting channala awchanlcally faatanad to the 

tool. 

8 

9990 

1 

78.1 

1.18 

0.27 

0.04 

0,05 
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TABLE 1 (CONT'D) 


MOUNTING TYPE DESCRIPTION 


Standoff 



Folly (40) iiiifi iimj dre prii&»ure fitted in • 

i>-iles of j n>pi i lock i ifj fcl'liM riil>l>er extrusions 
I vtr I y to I (»e roof surfscs. 


Elijliteiii (IB) fr.ineil tind uedled panel/Modules sre 
fd:>leti«-il to 10 ijiieipiil le-i **T" shaped brackets bolted 
to the I. liters. Tliti lonij-'St I ec| of each bracket is 
ovfi 1 d| |e (I by an existin9 shin9le. 


Twelve Hi) aliminisa frawd panels witli laterally 
sup|/oi I iii<i ~T~ stints ate cla»t>ed to a standing seaa 
Insiildiec) Mtdl roof deck Bounted on the rafters. 

Each of the ten (101 gasketed Bodulas pressure fitted 
In a pane) fraass are wired in series by coeaerclally 
available "quick connectors* beneath the Bodules. 


Forty-two (42) unfraaied aodules are pressure fitted Ip 
a scries of ziiqierlockiisg EFDM rubber extrusions that 
are adhesively Ixjnded to the roof surface. 


Twenty foot (24) fioised panels/eodules are pressure 
fitted in five (S) *T" sh.qied tracks along the length 
of the loot. bach tiack 13 lag bolted to the rafters 
thioiiqh a neoprcite gasket Strip- 


Eighty (BO) g<j-->k('ted iwi'lules arc pressure fitted 
biitwcen a series of FVC hold down caps and extruded 
dluaiinum ciiaiincls fastened to tlie roof. 


Eiuhty (80) gasketed sxrdiiles are isounted over a series 
of continuous nctal pans and pressure fitted in steel 
battens fastened to the rirof . 


Eighty (80) gasketed axrdules are pressure fitted In a 
series of FVC hold down caps and extruded alujsInuM 
channels bolted to a slotted steel rack. 


SAMPLE OUTPUT 
N = 16 Wp 

9 5158 


10 4275 


1 1 7800 


AREA I TOTAL ^ARDUARe! WIRING ICREDITS 
I $/Wp I $/Wp I $/Wp I $/Wp 


59.5 

1 .22 

1 

.30 

0.01 

45.81 

1.52 


.59 

0.02 


76.7 2.55 1.77 



67.6 1.15 0.24 0.01 


36.8 1.74 0.73 0.04 


59.7 1.63 0.25 | 0.23 



65.7 1.92 0.56 


.18 

0.06 

.22 

0 
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DESIGN CONCEPT 1 ELECTRICAL - FIGURE 3-1 




















DESIGN CONCEPT 3 ELECTRICAL - FIGURE 3-5 
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DESIGN CONCEPT 5 ELECTRICAL - FIGURE 3-9 
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DESIGN CONCEPT 8 MECHANICAL - FIGURE 3-16 



DESIGN CONCEPT 9 ELECTRICAL - FIGURE 3-17 
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DESIGN CONCEPT 10 ELECTRICAL - FIGURE 3-19 











DESIGN CONCEPT 1 













DESIGN CONCEPT 12 ELECTRICAL - FIGURE 3-23 
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DESIGN CONCEPT 12 MECHANICAL - FIGURE 3-24 
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DESIGN CONCEPT 13 ELECTRICAL - FIGURE 3-25 
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DESIGN CONCEPT 13 MECHANICAL - FIGURE 3-26 
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DESIGN CONCEPT 14 MECHANICAL - FIGURE 3-28 
















DESIGN CONCEPT 16 ELECTRICAL - FIGURE 3-31 














3.3 CONCEPT EVALUATION 

Key evaluation objectives include: a) identification of major concerns 
that affect concepts using the criteria discussed in Section 3.1; and, 
b) identification of each concept's significance in the optimization of 
three generic concepts for least life cycle cost. Two stages of evaluations 
were conducted following each team's concept presentation. Major concerns 
for proof of concept were assessed by the advisory panel using the market 
penetration, fabrication, design and specification, installation, operation 
and maintenance criteria. Then statistical methods were employed to rank 
tne significance of each concept for cost optimization. 

Factors that affect development and evaluation of all design concepts 
are first discussed. Next factors that affect optimum use by mounting type 
are summarized, followed by an identification of major concerns for each 
concept. Factors that have broad applicability to design concept develop- 
ment have been grouped into several major categories. A discussion of key 
assumptions and evaluation observations in each category follows their 
listing below. 

• circuit configuration and wiring 

• alignment and attachment 

• reliability and operation 

• codes and standards qualification 

f roof construction practices 

• life cycle cost estimation 

Circuit Configuration and Wiring 

An important assumption used was that array voltage is developed to 
satisfy the voltage window of present day inverters to produce 240 Vac single 
phase output for residential loads. Key considerations include: minimization 
of busbar length; minimization of grounding needs; optimization of electrical 
potential location and proximity; minimization of field electrical connections 
and cabling; and optimization of circuit design to improve performance 
rel iabi 1 ity. 

If module grounding needs can be minimized, major cost benefits from 
reductions in the number of field connections can be realized using module 
voltages higher than 30 Vdc at -20°C to reach present day inverter input 
voltage requirements. Generic circuit configurations either develop array 
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voltage along the roof height with current along the roof length, or voltage 
along the roof length and current along Its height. In the first configuration 
constant electrical potential along the eave can be maintained, as a safety 
precaution, while for the second wiring costs associated with busbar length 
can be minimized. 

Alignment and Attachment 

Major alignment concerns include minimization of individual module 
positioning, reduction of cumulative positioning error and reduction of rough- 
framing to finished- trim tolerance error. Panel /module attachment at the 
roof/array interface must be durable and constructionally stable. The inter- 
face must prevent water penetration, thermal expansion, and other environmental 
hazards from causing damage to either the array or the residence. Important 
criteria to evaluate the effectiveness of attachment was whether the array 
surface serves as a watertight membrane. Live loads, dead loads, snow and 
wind loads have been considered on a regional basis to ensure that damage to 
the array or residence will not result. 

Reliability and Operation 

A major assumption was that module replacement would occur once every 
four years, for a total of five replaced modules over the twenty-year service 
life of the array. Among the types of degradation expected: soiling was 

assumed to be minimized by naicral washing processes, assisted by some home- 
owner upkeep; yellowing and insulation breakdown was assumed to be minimized 
by ' ptimized module design. A fixed cell failure rate from cell cracking was 
assumed to have a nominal value of one per ten thousand per year. Fatigue 
and corrosion resulting in module wearout was expected to occur after 25 
years . 

Codes and Standards Qualification 

While efforts are underway to incorporate photovoltaic systems in building 
codes, specific provisions for photovoltaic arrays are not yet included. 
Currently, arrays incorporated into or built onto roofs may be evaluated 
under existing codes using requirements for such diverse elements, depending 
on array mounting type, as roof coverings, roof structures, skylights, and 
veneers. It was assumed that successful integration of the array/roof inter- 
face will guide solutions to the inconsistencies of code inspection and approval 
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Roof Construction Practices 


Not only did evaluation of each concept consider ease of array Installa- 
tion preferably requiring minimal tools and expertise, 1t also considered 
minimal departure from standard building construction practices. A key Issue 
of standard practice Is dimensional modularity of rafter or trussed roof 
framing as well as that of sheathing and roofing materials. Minimal Impact on 
framing will permit continued use of standard engineering design of chords and 
web members provided by truss fabricators In response to critical factors such 
as dead loads, concentrated loads, snow loads and truss spacing. Minimal 
impact on framing will permit continued use of 3/8 In Group I plywood without 
staggered joints or end blocking material using metal "H" clips to provide 
the required edge support at the midspan of each truss space. Minimal impact 
on roofing material will permit use of the standard 240 lb. (per 100 ft ) 
asphalt shingle with a typical life expentancy of up to 25 years that employs 
self-sealing tabs to provide extra protection against wind. 

Life Cycle Cost Estimation 

The cost used throughout the program Is the life cycle cost (LCC). 

Included in the LCC are the costs of Installation and maintenance as well as 
the manufacturing cost of the hardware under assumed annual module production 
volumes of 50000 m^, 100000 and 500000 m^. The impact of array hardware 
choices can be expressed meaningfully only by using LCC methods to reflect 
application-oriented and hardware design oriented constraints. An early 
evaluation was conducted to Identify the life cycle cost sensitivity of 
trade-offs between initial costs and replacement costs for an assumed replace- 
ment scenario. A result of this study was to focus on minimization of initial 
array cost for all of the design concepts considered. 

Integral Mounting Concepts 

Major concerns in use of integral mounted arrays include weather tightness, 
alignment and attachment to rough framed rafters and electrical connection 
beneath the roof. 

Concept 1 uses a proven and available technology that compares favorably 
with other integral concepts. Small array size appears to limit potential 
relative cost reductions for such components as flashing and gasketing. Branch 
circuit wiring costs appear reduced at the expense of increased internal 
panel/module wiring costs. Modules may require non-standard environmental 
protection at job site prior to installation. 
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Concept 2 combines the technical benefits of prefabricated assembly with 
an aesthetically pleasing appearance. Non-standard roof framing and ability 
of panel frames to resist racking appear to be the major installation concerns. 
A high batten profile that may result in partial cell shadowing appears to be 
the major operation concern. 

Concept 3 applies a glazing technology developed successfully for the 
commercial building industry to residential construction. A key concern is 
the grid's ability to resist pre-installation damage and subsequent lift 
forces after installation. Another concern is the amount of time needed for 
sealant curing. 

Concept 4 allows flexibility of either integral, direct or standoff with 
minimal electrical wiring cost. One major concern is material continuity at 
the intersection of horizontal and vertical mull ions. A further concern is 
the assurance of a watertight membrane under field conditions. 

Concept 5 uses a proven and available technology appropriate for early 
market penetration in custom homes. Embrittlement of the butyl tape on wood 
members may require flashing for long term reliability. Module size may 
require further concern for handling, shipping, snow and wind loading at the 
glass thickness specified. 

Direct Mounting Concepts 

Major concerns in use of direct mounted arrays include weatherabil ity 
of roof connections, cell operating temperature penalties, and field cabling 
requi rements . 

Concept 6 provides a good exploration of the potential benefits of 
coextruded thermoplastics and embedded metal. Key concerns include mechanical 
attacnment, module alignment, moisture protection, and installation inspection. 
Electrical connection concerns include module movement, access to connectors 
and module polarity reversal. 

Concept 7 applies a glazing technology developed successfully for the 
commercial building industry to residential construction. A key concern is 
the grid's ability to resist pre-installation damage and subsequent lift 
forces after installation. Another concern is the amount of time needed for 
sealant curing. 
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Concept 8 allows flexibility of either Integral, direct cr standoff 
mounting with minimal electrical wiring cost. One major concern Is mechanical 
continuity at the intersection of horizontal and vertical mull ions. Further 
concerns include assurance of a watertight maibrane. 

Standoff Mounting Concepts 

Major concerns In use of standoff mounted arrays Include protection of 
roof penetrations, minimization of additional material and prevention of debris 
and vennin collection beneath the array. 

Concept 9 relies upon a module Interconnector Incorporated with alignment 
blocks. Mechanical concerns include the need for EPDM gaskets together with 
alignment blocks, capability of adhesive to hold array and close tolerances 
for fastening. Further concerns include the need for detailing to minimize 
collection of debris and vermin. Electrical concerns include handling require- 
ments for small Interconnects. 

Concept 10 uses a proven and available technology that compares favorably 
with other integral concepts. Small array size appears to limit potential 
relative cost reductions for such components as flashing and gasketing. 

Branch circuit wiring costs appear reduced at the expense of increased internal 
panel/module wiring costs. Modules may require environmental protection at 
job site prior to Installation. 

Concept 11 applies a concept developed for corranercial applications to 
residential applications that holds promise to minimize NOCT, and Improve 
array efficiency. Mechanically, key concerns include; the need for further 
study to minimize collection of debris and vermin; the need to further consider 
thermal expansions; and the need to minimize special roof framing. Electrical 
concerns include significant grounding requirements and partial cell shading 
potential . 

Concept 12 relies upon a unique module interconnect incorporated with 
alignment blocks attached to glazing gaskets. Concerns include attachment of 
the alignment blocks to the EPOM gaskets, the capability of the specified 
adhesive to withstand loading conditions and close tolerances and handling 
requirements for small interconnects. Further concerns include the need for 
detailing to minimize collection of debris and vermin. 


Concept 13 focuses on the reduction of module installation alignment and 
attachment requirements. Effectiveness of module interconnection is sensitive 
to series string location that requires further study to improve interconnect 
standardization. Operation concerns include the need for improvement of ice 
and water drainage arrested by the horizontal rails. Removal of an entire 
row of modules for one module replacement appears acceptable only with high 
reliability assumptions. 

Concept 14 provides a good representation of present technology capability 
and cost using readily available components. Key concerns include prevention 
of water leakage and the minimization of field assembled parts. 

Concept 15 provides a good representation of present technology capability 
and cost using readily available components. Key concerns include the minimiza- 
tion of field assembled parts, and the dependence on present module construction 
and performance. 

Rack Mounting Concepts 

Major concerns in use of rack mounted arrays include additional load and 
subsequent structural requirements as well as applications limited by total 
cost and aesthetic considerations. 

Concept 16 provides a good representation of present technology capability 
and cost using readily available components. Key concerns include minimization 
of structural dead load and resistance to wind uplift. 
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3.4 CONCEPT SELECTION 


Three concepts were selected from sixteen candidates to represent several 
distinguishing characteristics. These characteristics Include proof-of-concept 
status, innovative design focus, and mounting type. 

Concepts were classified into three proof-of-concept stages. Several 
concepts that use off-the-shelf components appear currently ready for field 
use. Concepts that modify methods, components or materials from other con- 
struction sectors or industries may require structural and/or durability tests 
prior to field use. Concepts that are based upon new methods, components or 
materials may require further prototype development and testing prior to field 
use. It was assumed that concept test qualification would require one year. 
This would yield concept field applications in two years. Prototype concept 
development was limited to two years as one of the program groundrules. 

Concept field applications are expected two years after prototype development. 

Concepts were classified into three areas of innovative design focus: 
module design; wiring; and installation. Innovative module design features 
include the use of large area (i.e. larger than Im ) modules with square or 
rectangular cells for improved packing density and methods that allow the 
safe use of modules with open circuit voltages higher than 30 Vdc at -1'0°C. 
Innovative wiring features include the elimination of wiring harnesses, the 
use of ore-wired mounting hardware, and the safe minimization of wire size 
and insulation. Innovative installation factors include minimization of 
individual module/panel alignment, replacement of mechanical fastening with 
mastics, use of pre-cut glazing gaskets, minimization of construction trade 
constraints, and minimization of module rows to reduce the complexity of 
panel frames. 

Concepts using the same mounting type were compared to evaluate the 
effects of design trade-offs peculiar to that mounting. While reductions in 
hardware/gasket costs contributed the most to lower total -net- instal 1 ed costs, 
the effect of changes in wiring cost, roof support costs, and material 
replacement credits was not uniform. Examples of large material replacement 
credits did not result in lower costs per peak watt for integral systems. 
Additionally, nominal reductions in wiring cost did not vield significantly 
lower integral mounting costs. In either direct or standoff mounting, 
savings from roof credics and wiring costs did not significantly reduce 



total costs below levels achieved through savings In hardware/gasket installa- 
tion. 

The three design concepts selected are Identified as concept numbers 1, 

7, and 9. 

Design Concept 1 represents that group of concepts fabricated with 
"off-the-shelf" components using a minimum of assembly steps. This concept 
relies on the transfer of skills between the commercial glazing industry and 
the homebuilding industry; the use of non-standard construction practices 
and tolerances appear minimized. Further design optimization may be required 
for array operation and maintenance, dependent upon module reliability 
assumptions. Loading, watertightness and attic temperature assumptions may 
require verification. 

Design Concept 7 represents that group of concepts using modified 
techniques, components and materials. It minimizes individual module align- 
ment and replaces mechanical fasteiiing. While the rigidity and durability 
of the grid during installation is of concern, there appears to be sufficient 
rigidity during operation. In view of the concept's technology basis from 
the commercial building market, rigidity, module uplift and deflection may 
require empirical verification. Further design optimization may be required 
for array installation, dependent upon loading and mounting assumptions. 

Design Concept 9 represents that group of concepts fabricated with new 
components. Handling connectors of this size is of concern though it appears 
that through optimization, standard construction practices and tolerances 
can be maintained. Further design optimization in prototype development may 
be required, dependent upon module size and reliability assumptions. Loading, 
watertightness, and component damage may require empirical verification in 
prototype tests. 
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SECTION 4 


CONCLUSIONS AND RECOMMENDATIONS 

Three integrated array design concepts were selected by the advisory 
panel for further optimization and development using a comprehensive set of 
technical, economic and institutional criteria. The concepts selected are 
the following: 

1) An array of frameless panel /modules sealed in a "T" shaped 
zipperlocking neoprene gasket grid pressure fitted into an 
extruded aluminum channel grid fastened across the rafters 
using off-the-shelf components. 

2) An array of frameless modules sealed by a silicone adhesive 
in a prefabricated grid of rigid tape and sheet metal 
attached to the roof that minimizes individual module align- 
ment. 

3) An array of frameless modules pressure fitted in a series 
of zipperlocking EPDM rubber extrusions adhesively bonded 

to the roof. Series string voltage is developed using a set 
of integral tongue connectors and positioning blocks that 
eliminates wiring harnesses. 

Further design optimization will be undertaken for these concepts to 
develop design trade-off data relative to module size, module reliability, 
structural loading, watertightness and component damage. 



